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Abstract
We report the observation of a highly unusual Hall current in the helical magnet MnSi in an
applied pressure P = 6–12 kbars. The Hall conductivity displays a distinctive step-wise field profile
quite unlike any other Hall response observed in solids. We identify the origin of this Hall current
with the effective real-space magnetic field due to chiral spin textures, which may be a precursor of
the partial-order state at P >14.6 kbar. We discuss evidence favouring the chiral spin mechanism
for the origin of the observed Hall anomaly.
PACS numbers: 72.15.Gd,72.25.Ba,75.30.Kz,75.45.+j
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In the helical, itinerant magnet MnSi, a novel magnetic state with “partial order” has
been reported by Pfleiderer and coworkers above a critical applied pressure Pc= 14.6 kbar [1,
2, 3]. The neutron diffraction intensity is broadly distributed over the surface of a sphere
in momentum space, but is resolution limited in the radial direction. Several groups have
proposed that the state harbors non-trivial topological spin textures [4, 5, 6, 7]. We have
observed a highly unusual Hall current in MnSi at pressures (6–12 kbar) just below Pc, which
appears to be caused by fluctuations into the chiral spin state at temperatures T near the
Curie transition temperature TC .
At ambient pressure, MnSi, which is non-centrosymmetric with the crystal structure B20,
undergoes a transition at TC ≃ 30 K to a helical state with a long pitch λ ∼ 180 A˚. The
wavevector q is weakly pinned along the 〈111〉 direction. The helical state reflects the
competition between the exchange energy and the Dzyaloshinky-Moriya term [8, 9, 10]. In
a magnetic field H, q shifts to alignment, and the helical state evolves to a conical magnetic
state, whose cone angle steadily decreases to zero at a field Hs ∼0.6 T. Under pressure, TC
decreases monotonically, reaching zero at the critical pressure Pc ∼14.6 kbar (Fig. 1, inset).
Above Pc, the “partial-order” state displays a non-Fermi liquid exponent in its resistivity
[1] in addition to the unusual neutron diffraction spectrum.
The new Hall anomaly is observed in weak H in the pressure interval 6 < P < 12
kbar below the curve of Tc vs. P (shaded region in the inset of Fig. 1). Figure 1 (main
panel) displays the Hall resistivity ρyx measured at several temperatures (T ) with P fixed
at 11.4 kbar (TC = 11.3 K). At the lowest T (0.35 and 2.5 K), ρyx is hole-like and H-linear.
Between 5 and 10 K, however, we observe a prominent Hall anomaly with a most unusual
profile. The step-like onset at the field H1 ∼0.1 T and the equally abrupt disappearance at
H2 ∼0.45 T stands in sharp contrast with the broad background at higher H [the latter is
the conventional anomalous Hall effect (AHE) term common to all ferromagnets]. We show
below that this unusual anomaly is the Hall-current response produced by coupling between
the spin of charge carriers with chiral spin textures. Its observation provides strong evidence
that the chiral spin textures exist over a large fraction of the phase diagram for P < Pc.
Motivated by the results of Refs. [1, 2, 3], several groups [4, 5, 6, 7] have proposed states
comprised of crystalline arrays of magnetic textures. In Ref. [7], the transition at Pc is from a
single-spiral state to a bcc “spin crystal” comprised of 6 spirals. In Refs. [4, 5], the proposed
state is either a square lattice configuration of topological defects called skyrmions [4, 5],
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or a cubic network of line defects which are double-twist configurations [5]. The textures
are closely related to the defects previously studied in the blue phase of nematic liquid
crystals [5, 6].
Hall measurements were made in a 3He cryostat using a miniature clamp-type pressure
cell (13 mm dia.) made of BeCu alloy and tungsten carbide with Fluorinert (FC-77) as the
pressure medium. At low T , the pressure was calibrated by the superconducting transition
of a Pb coil detected by AC susceptibility. The high-purity MnSi crystals (of resistivity
ratio ρ(300K)/ρ(4.2K) ≃ 60 and size 1.1×0.5×0.060 mm3) were cut from boules grown in
a floating-zone furnace. The Hall voltage VH was checked to scale linearly with current I
(typically 0.5 to 1 mA). At each T and P , VH was recorded with H swept at the rate 0.02
T/min. in the sequence 0 → −1T → 0 → 1T → 0 to eliminate errors from induced emf’s
and drifts in T . The observed Hall anomaly is always antisymmetric in H even without
antisymmetrization of the 4 raw curves. Results obtained in the 2 crystals investigated are
closely similar.
In ferromagnets, the observed Hall resistivity ρyx is the sum of the ordinary Hall resistivity
ρNyx = σ
N
xyρ
2 and the AHE term ρAyx = σ
A
xyρ
2, where ρ = ρxx is the resistivity and σ
N
xy and σ
A
xy
are the ordinary and anomalous Hall conductivities, respectively. Dividing by ρ2, we have
ρyx
ρ2
= σNxy + σ
A
xy. (1)
The first term is strictly H linear in low H , while the second term scales as the uniform
magnetization M(T,H).
To bring out the surprising nature of the new anomaly, we recall the salient features of
the Hall Effect at ambient P [11, 12]. In high-purity MnSi, Lee et al. [12] have shown that,
in spite of the large magnetoresistance (MR), the H dependence of σAxy at ambient P strictly
mimics that of M(T,H), viz. σAxy(T,H) = SHM(T,H), with SH a constant independent of
T and H . This scaling confirms a key prediction of the Karplus-Luttinger (KL) theory [13]
(and its generalization using the Berry phase [14, 15, 16]).
Returning to the Hall curves in MnSi under pressure, we plot in Fig. 2 curves of ρyx over
a broader field range, with P fixed at 8.5 kbar (at which TC = 16.4 K). Starting at 5 K,
we observe that ρyx is linear in H to 7 T. This reflects the dominance of σ
N
xy ∼ ℓ
2 in the
limit of large mean-free-path ℓ. With increasing T , however, the rapid increase of ρ strongly
amplifies the anomalous term ρAyx which emerges as a negative contribution with a broad
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FIG. 1: (color online) (Main panel) Curves of -ρyx in MnSi at 11.4 kbar revealing a large Hall
anomaly in the field range 0.1< H <0.45 T for several T < TC (TC =11.3 K), with H nominally
along (111). The anomaly (electron-like in sign) arises from a new contribution σCxy to the total
Hall conductivity. In the phase diagram (inset), the shaded region is where σCxy is resolved. TC
was determined from ρ vs. T . Data from Samples 1 and 2 are shown as solid and open squares,
respectively. The non-Fermi liquid (NFL) region is shaded blue (adapted from Ref. [2]).
shoulder (e.g. at 2.5 T at 25 K). We refer to this term as the “conventional” AHE term.
At 10 and 15 K, we see the emergence of the new Hall anomaly as a sharp negative spike
in weak fields. Raising T above TC removes the spike (curves at 20 and 25 K). The curves
above TC are closely similar to those observed at ambient P (where the spike is absent).
The new Hall anomaly is qualitatively distinct from the Lorentz-force term and the KL
term. As mentioned, theory predicts that coupling of the carrier spin to local textures of
M(r) produces a large anomalous Hall current via the Berry phase [17, 18]. In the past
decade, the Berry-phase approach has greatly extended the purview of the KL theory [14,
15, 16]. In a periodic lattice, the “overlap” of wave functions uk defines the Berry gauge
potential A(k) = 〈uk|i∇k|uk〉, whose curl gives an effective magnetic field Ω(k) that lives
in k space. When Ω(k) is rendered finite (by breaking time-reversal invariance), it leads to
orbit deflection in k space, to reproduce the KL term σAxy in Eq. 1.
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FIG. 2: (color online) Curves of ρyx extending to 7 T showing the relation of the Hall anomaly to
other Hall terms (at the applied P = 8.5 kbar, TC = 16.4 K). At 5 K, the hole-like σ
N
xy dominates
ρyx to produce an H-linear background. At T = 10 and 15 K, at which the Hall anomaly is
observed as sharp negative spikes, the AHC term ρAyx = σ
A
xyρ
2 grows in prominence as ρ increases.
Above TC (20 and 25 K), the Hall anomaly vanishes, while ρ
A
yx continues to increase in magnitude.
The reduced temperature t = T/TC is shown in parenthesis for each curve.
Quite distinct from this strictly orbital coupling, the Berry phase can produce an ad-
ditional effective magnetic field Bφ via the spin degrees of freedom. The spin-mediated
mechanism was initially invoked to explain AHE experiments in manganites [19] and py-
rochlores [20]. We consider the simplest example in which the spin s of a hopping electron
aligns by Hund coupling JH to the ion’s local moment Si at each site i [19, 20]. As the
electron completes a closed loop linking 3 non-coplanar spins Si (i = 1, 2, 3), s describes
a cone of finite solid angle Ωs (Fig. 3, inset). Hence, the electron acquires a Berry phase
φB =
1
2
Ωs, which translates to a magnetic field in real space Bφ = (φB/2π)(φ0/A) that
can be extremely large (A is the loop area and φ0 the flux quantum). For e.g., even for
Ωs ∼ π/100 over an area A ∼ 5 × 5 A˚
2, we have Bφ ∼42 T. In turn, Bφ produces a large
Hall conductivity σCH that is proportional to the chirality χc = S1 · S2 × S3 [17, 18, 20].
The foregoing also applies to itinerant ferromagnets [18]. In a spiral helimagnet such as
MnSi, the local spin direction S(r) varies periodically with a pitch set by the wavevector q.
For an itinerant electron, the exchange energy forces its spin s to follow the spatial variation
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of S(r). However, as emphasized in Ref. [21], a spiral state with a single q has zero chirality.
In order to produce finite chirality, we must have a multi-q spiral state, as has been proposed
for the partial order state for P > Pc.
In the novel states proposed [4, 5, 6, 7], the presence of skyrmions or double-twist configu-
rations naturally leads to chirality. We expect σCH to be proportional to the skyrmion number
Ns =
∫
d3rΦz(r), with the skyrmion density Φz = (8π)
−1nˆ ·(∂xnˆ×∂ynˆ) and nˆ = S(r)/|S(r)|.
For the region of our Hall experiment (P < Pc), we expect fluctuations towards the
multi-q state to be favorable at temperatures just below TC (the fluctuations are strongly
suppressed as T → 0). Hence, within the broad swath in which σCxy is observed (Fig. 1
inset), we propose that chirality exists caused by strong fluctuations into multi-q helical
states.
There is considerable evidence for strong fluctuations in the region P < Pc. The muon
spin rotation data by Uemura et al. [22] show that, for P < Pc, magnetic order exists only in a
partial volume fraction, in agreement with conclusions from nuclear magnetic resonance [23]
and neutron scattering [24] experiments. In a broad range of P below Pc, strong fluctuations
appear as a precursor to the partial-ordered state above Pc.
Within this picture, we may understand several puzzling features of the Hall data (as well
as the MR). To examine these issues in more detail, we transform ρyx to σxy = ρyx/ρ
2 using
the simultaneously measured curve of ρ vs. H . As plotted in Fig. 3a, the Hall anomaly is
now apparent as a large Hall conductivity σCxy, with a distinctive field profile. Just below TC ,
the anomaly first appears as a shallow hull feature (compare curves at 12 and 11 K). With
decreasing T , it deepens considerably. Comparing the curves of σxy with the MR curves, we
see that σCxy is restricted to the narrow interval H1 < H < H2. At 5 K, its magnitude is ∼10
times larger than the other 2 Hall terms, and ∼ 1% of the zero-H conductivity σ. Finally,
at 2.5 K, the anomaly vanishes, leaving an H-linear background that is dominated by σNxy.
We next discuss the evidence for the chiral-spin mechanism. First, we note that, between
H1 and H2, |σ
C
xy| attains remarkably large values. At ambient pressure 5 K with H = 0.3 T,
the measured values of the ordinary term and the KL term, σNxy and σ
A
xy, are ∼ +3.2× 10
4
and −1.2 × 104 (Ωsm)
−1, respectively [12]. By comparison, |σCxy| is 10 times larger than
either of these values. Such a large σNxy is difficult to understand with orbital mechanisms
given the small values of H1 and H2. By contrast, the chiral spin term is easily capable of
producing such a large Hall response. The effective field Bφ can exceed 40 T despite the
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FIG. 3: (color online) Panel (a) Curves of σxy vs. H at P = 11.4 kbar at selected T . The Hall
anomaly σCxy is prominent between 11 and 5 K between the fields H1 and H2. At 2.5 K, only the
normal term σNxy is observed. The inset shows the itinerant spin s aligned with the local moment Si
on site i by a large JH . As the electron closes the path 1-2-3-1, it acquires a Berry phase φB. Panel
(b) Curves of the MR ∆ρ/ρ vs. H at selected T at 11.4 kbar (curves are offset for clarity). Below
TC (11.3 K) anomalies indicate fields H1 (uparrows), H2 (downarrows) and Hs. By comparison,
the MR is nearly zero below Hs = 0.6 T at ambient pressure (thin curve at 25 K).
small applied H .
Secondly, σCxy is seen to be finite only within a very narrow field interval (H1, H2). The
relatively abrupt vanishing of σCxy at H2 ∼0.45 T is striking. Such an abrupt vanishing
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of the Hall current seems impossible to realize with orbital mechanisms (carrier mobilities
cannot be abruptly changed in such weak H). By contrast, the spin-Berry phase model
applied to MnSi anticipates that σCxy must vanish at a field below Hs, as the cone angle of
the spiral state is suppressed to zero. In the ferromagnetic state above Hs, spin textures
are energetically prohibitive. As the spin textures are removed with increasing H , σCxy must
vanish. Hence Hs represents an upper bound for a finite σ
C
xy. The Hall results show that
the vanishing actually occurs at the slightly lower field H2. The observed mesa profile of
σCxy(H) has been reproduced in a recent calculation [21] based on the bcc1 “spin-crystal”
ground state of MnSi.
Thirdly, the picture described also clarifies the origin of the kink anomalies long known
in MnSi under pressure [25]. The low-T transverse MR of MnSi is very large and negative
throughout its phase diagram because of its long ℓ. Under pressure, weak anomalies appear
at fields H < Hs. Figure 3b compares the transverse MR measured in our sample at ambient
pressure and at 11.4 kbar with H ⊥ I (applied current). First, we examine the MR curve
at ambient P (lowest curve, at 25 K, with TC = 30 K). Surprisingly, the MR is almost
zero below Hs. A sharp kink at Hs signals saturation of the moments, followed by a steep
decrease of ρ at larger H . The absence of MR implies that, as q re-orients in H and the
cone angle decreases [26], there is no change in the carrier scattering rate Γ in H < Hs
[12, 25]. Consequently, the changes below Hs involve no change in magnetic disorder or the
creation of spin defects at ambient P . The “rigidity” of the spiral state at ambient pressure
also explains why the Hall anomaly is not observed at ambient pressure.
By contrast, at P = 11.4 kbar, the MR exhibits kinks in the interval 0 < H < Hs. Above
TC (11.3 K), the MR decreases smoothly. At 11 K, the 2 field scales H1 and H2 inferred from
σxy (Fig. 3b) become apparent (up and down arrows, respectively). Their positions change
only slightly with T . However, they become more sharply defined as T approaches TC from
below. Throughout the interval (0,Hs), the visible MR anomalies imply that changes in
the magnetic structure are accompanied by the production of magnetic defects and textures
which increase Γ. Hence, in both transport channels, the onset and disappearance of σCxy at
11.4 kbar at H1 and H2 are nearly coincident with the MR anomalies.
Our experiment reveals that, when a charge current flows through a region with chiral spin
textures, a large Hall current appears. The spin-texture generated Hall current disappears
if the textures are erased by increasing H . Because of the abruptness of its onset and
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disappearance in a narrow field interval, the new Hall conductivity σCxy is easily distinguished
from both the conventional AHE term and Lorentz-force term. Its distinctive profile suggests
that it may serve as a sensitive detector of chiral spin textures in helical magnets. We find
that, in MnSi, these textures exist over a significant region of the phase diagram below the
Tc curve for P < Pc.
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